Résumé. The two test cases presented herein aimed at simulating the transport migration of nuclides around a nuclear waste repository and belong to the "Two-Phases Numerical Test Data Base" presented in [1], [2] . They were initially designed in the framework of the French research group MoMaS [3] . The starting point in designing all the test cases presented in [1] comes from some of the main challenges the traditional simulators for multiphase flow in porous media are facing when attempting to simulate gas migration in deep geological repositories for long-lived high-level nuclear waste; particularly with low permeability argillites host rocks, as considered by most European radioactive waste management organisations and regulators ( see for instance: [4] ). The gas migration in this type of porous media is driven by a compressible two-phase partially miscible flow, and is described by a system of nonlinear parabolic PDE's (see [5] ). The aim of the test-cases presented below and in [1] is to address some of the specific problems encountered when numerically simulating gas migration in such underground nuclear waste repositories. But, because we are interested in the difficulties inherent to physical modeling , and less in the ones coming from numerical methods, we kept in all these test cases a simple geometry corresponding to a quasi 1-D flow. The first test case is motivated by simulating the gas-phase appearance/disappearance in a two-phase flow, produced by injection of H 2 in a homogeneous porous medium initially fully saturated with pure water. The aim of the second test case is to simulate the evolution of a compressible and partially miscible two-phase flow, starting from an out of equilibrium initial state, made up of two adjacent partially liquid saturated zones with two different uniform pressures .
Introduction
Many European countries, Belgium, France, Germany, Sweden and United Kingdom, are presently considering the possibility of using low permeability argillites as host rock for future radioactive waste geological underground storage.
The main concept used in designing such geological underground storage is centred on the use of series of passive and impervious barriers made of both engineered and natural materials. The purpose of these barriers is to isolate the radionuclides and to slow down their release from the waste site into the environment. With presence of engineered barriers in host rock, the storage area is then a highly heterogeneous porous medium, almost fully water saturated , and undergoing several water saturationdesaturation cycles during the transitory period, following the excavation, of up to hundred thousand years. In addition to the low porosity and permeability of both the argillaceous host rock and the sealing materials, the strong capillary forces enhance desaturation and affect both flow pattern and the phase thermodynamic properties. The classical mathematical model for simulating the coupled transport of multiphase multicomponent flow in porous medium is based on the mass conservation for each component, and the resulting equations consist of a nonlinear and degenerated parabolic PDE system, like in [5] or [6] . Although this model can be used for a wide range of applications in geosciences, like oil and gas reservoirs, geological CO 2 sequestration, vadose zone hydrology or NAPL remediation problems, the data and equation-of-state used in the test cases below are characteristic of water-hydrogen flow in nuclear deep geological waste disposal in low permeability argillites. This includes, for the fluids, compressibility and high contrast in densities and viscosities ; as well as, for the argileous porous media, very low permeability (for instance between 10 −20 and 10 −21 m 2 , for the Callovo-Oxfordien). And the today's existing basic simulators for multiphase flow in porous media, in spite of their robustness could be problematic when used in such a context. Precisely, the two test-cases presented herein are addressing two of the main problems in simulating compressible and partially miscible phases (liquid and gas) with two components (water and hydrogen) flows in such type of porous media, namely : the phase appearance/disappearance and the relaxation of a non equilibrium initial state. These two difficulties in simulating such two-phase flows were noticed in the benchmarks designed by ANDRA, The National Radioactive Waste Management Agency, ( see : [8] , [9] , [10] ) and by FORGE, the Euratom 7th Framework Programme Project, (see [11] , [12] , [13] ). In all these types of situations where physics is quite complex, there is no point in looking at the pure numerical accuracy of a code for as long as we not have confidence in the the quality of the physical modeling on which this code is based. We thought that before testing the numeric it was necessary to be sure that the simulations were really simulating the real physical process. This is the reason why the aim of the two tests presented here, was to focus on the model efficiency rather than on the numerical methods quality.
Definition and basic asumptions
In these two test-cases we consider a porous medium saturated with a fluid composed of two phases, liquid and gas, and according to the application we had in mind, we consider the fluid as a mixture of two components : water (only liquid) and hydrogen (H 2 , mostly gas). For sake of simplicity we call hydrogen the non-water component and use indices w and h for the water and the hydrogen components. According to our goal, we have done some general assumptions for the formulation of our model which are not essential and would have only complicated the present benchmark. Summarizing, we can formulate them as follows :
-Local thermal and chemical equilibrium ; no reactions and only isothermal flows are considered. -Water vaporization is neglected and the gas phase follows the ideal gas law.
-Dissolved hydrogen diffusion in the liquid phase is included , and both components, water and hydrogen diffusive fluxes, in the liquid phase are given by the Fick's law. -Water component is incompressible and the porous medium is supposed rigid.
-Both the gas and the liquid volumetric fluxes follow the generalised Darcy-Muskat's law. -Pressures are connected through a given capillary pressure law and the effects of hysteresis in the constitutive relationships are not considered. -Adsorption of contaminants at the solid matrix is neglected.
-Concentration of the dissolved component in the water phase, is low. Thus, gas dissolution can be described by Henry's law.
Equations
The two phases are denoted by indices, l for liquid, and g for gas. Associated to each phase α ∈ {l, g}, we have, in the porous medium, the phase pressures p α , the phase saturations S α , the phase mass densities ρ α and the phase volumetric fluxes q α . given by the Darcy-Muskat law :
where K(x) is the absolute permeability tensor, λ α (S α ) is the α−phase relative mobility function, and g is the gravitational acceleration ; S α is the effective α−phase saturation and then satisfies :
Pressures are connected through a given capillary pressure law :
Neglecting the water vapor and the liquid pressure influence and using the hydrogen low solubility, leads to a linearised solubility relation connecting the gas pressure, p g and the dissolved hydrogen mass concentration in liquid, ρ h l : the Henry's law,
where
; with H, the Henry's law constant, K h a constant specific to the mixture and M i , i ∈ {w, h}, the molar mass of the i−th component . As said before, we neglect the water vaporization in the gas phase and the ideal gas law reads :
with C v a coefficient such as C v = M h /(RT ) ; T the temperature and R the ideal gas constant.
Mass conservation of each component
The water component and the gas component which are naturally in liquid state and in gas state at standard conditions are also denoted respectively solvent and solute. Moreover, we assume herein, for simplicity that the mixture contains only one solvent, the water and one gas component, the hydrogen, and we write all the quantities relative to one component with the superscript i ∈ {w, h}.
Mass conservation for each component leads to the following differential equations :
where Φ is the porosity ; the phase flow velocities, q l and q g , are given by the DarcyMuskat law (3.1), and F k , k ∈ {w, h}, are the component source terms. Using the hydrogen low solubility and the Fick's law, the diffusive fluxes in the liquid phase j k l , k ∈ {w, h}, in (3.6 -3.7), are given by :
where D is the hydrogen molecular diffusion coefficient in the liquid phase, possibly corrected by a tortuosity factor. Due to water incompressibility and independence of the liquid volume from the dissolved hydrogen concentration, the water component mass density in the liquid phase is constant, and in (3.6) :
with ρ std w the standard water mass density.
Choice of the primary variables
An important consideration, in the modelling of fluid flow with interphase mass exchange, is the choice of the primary variables that define the thermodynamic state of the system. If both liquid and gas phases exist, (S g = 0), the porous medium is said to be unsaturated, then the transport model for the liquid-gas system can be obtained, using the traditional primary variables, saturation and one phase pressure,e.g. S l and p l , from equations (3.1), (3.6) and (3.7) :
3)
But in the liquid saturated regions, where the gas phase doesn't appear, S l = 1, the phase saturation is no longer an unknown and the system (4.1)-(4.5) degenerates to :
Consequently, when a phase appears or disappears, the set of appropriate thermodynamic variables should change, and the traditional choice for the primary unknowns, saturation and one of the phases pressure, which is used to describe unsaturated regions is no longer consistent in fully saturated region where there is only one phase left. There are two different approaches to that problem. The first one, used in simulators such as [14] or [15] , relies on a "primary variable substitution" algorithm in order to ensure that the jacobian is non singular when phase appears and disappears. This algorithm makes use of a "persistent" variable (usually the total hydrogen concentration) in addition to the "stictly multiphasic" ones (Saturation and Pressure) and, according to the solubility constraint, associates to each node a "component state node" on which is based the switching criterium during the Newton's loop (see [16, 17, 18, 19] ). It is worth noticing that this method can equivalently be reformulated in the general framework of non-differentiable but semismooth nonlinear algebraic equations, solved by means of a semismooth Newton's method implemented in terms of an active set strategy (thanks to the local character of the solubility condition), like in [24] .
The second possibility is to use a set of primary but "persistent" variables, such as pressures and component concentration, which will remain well defined when phase conditions change, so that they can be used throughout both the single and the twophase regions. For instance,p l and the total hydrogen concentration, were used as "persistent" primary variables in [1] . With this choice of primary variables, the thermodynamically extended saturation and liquid pressure, appearing in the mass conservation equations, have to be recovered from the solubility conditions, coming from the thermodynamical and mechanical equilibrium assumptions. These solubility conditions( similar to "flash equations" in petroleum engineering) are formulated as a set of local inequality constraints ; but being local and disconnected from the space (i.e. the system is diagonal), they may be solved point-wise, by a 1-D Newton method (see [5] ). It is worth noting that the primary variables used in this formulation (phase pressure and total hydrogen concentration) are in one hand well adapted to problems with little capillary effects (like in petroleum engineering) but in an other hand the ensuing Newton iterations could become cumbersome when using Van Genuchten's capillary curves. Another drawback is that these primary variables are not continuous through material interfaces in highly heterogeneous media, while on the contrary the primary variables : phase pressure, p l , and dissolved hydrogen concentration, ρ h l , are continuous through these same interfaces.
Two of the participating teams :INRIA-Rocquencourt, France (Jérôme Jaffré, Ibtihel Ben Gharbia) and Friedrich-Alexander Universitat FAU, Erlangen-Nurnberg, Germany (Peter Knabner, Estelle Marchand, Torsten Muller)) ; are using the total hydrogen concentration and the pressure for "persistent" variables ; but they formulate the solubility conditions as complementary conditions, which complement the conservation law equations (see [23] and [32] ). Namely : they add the "complementary solubility constraints" to the nonlinear algebraic equations, coming from the discretization of the conservation laws and the constitutive equations. Then this new system is globally solved by a semismooth Newton's method inspired by the methods initially developped in the general context of nonsmooth equations and nonlinear programming (see, among the broad literature on this subject, for instance : [20, 21, 22, 25] ).
Four other participating teams prefer to use persistent primary variables such that the recovery of the secondary variables (mainly the thermodynamically extended phase saturation) is possible through the retention curve (inverse of the capillary pressure curve). Two of them (-CERMICS , ENPC , Université Paris-Est, France and Department of Mathematics, UFSC, Brazil (Alexandre Ern and Igor Mozolevski) -IRSN and UCBL, ICJ, France (Magdalena Dymitrowska, Farid Smaï and Alain Bourgeat) ) rely on using dissolved hydrogen concentration in the liquid, ρ h l , and liquid pressure, p l as the two primary variables. Assuming that the effects of the capillary forces are not negligible, it is then possible by mean of the retention curve to define the thermodynamically extended phase saturation as function of the dissolved hydrogen concentration in the liquid, ρ h l , and the liquid pressure, p l (see [6] and [7] ). With this, the conser-vation laws and constitutive equations, are leading then to a new system of equations able to describe both liquid saturated and unsaturated flow ; see : [6] and [7] . The two other teams (-EDF, R&D, AMA, France (Ophélie Angélini, Sylvie Granet) -ICSC, Universität Heidelberg, Germany (Rebecca Neumann, Olaf Ippisch, Peter Bastian)), in a very same spirit, use as persistent primary variables two of the three pressures (p l , p g or p c ) and recover the thermodynamically extended phase saturation from the retention curve ; see : [26] and [27] .
Presentation of the two test-cases
We emphasize that the scope of these two following tests is oriented rather to the mathematical model efficiency and robustness than to the numerical performance issues. Mainly, the main goal of these numerical experiments is to assess flow situations involving phase appearance/disappearance or phase disequilibrium. It is clear that, in this context, the porous domain geometry does not really matter and we have considered for porous domain a porous rock core sample represented by a simple quasi-1D, porous domain (see Figure 1) , and we also neglected the gravity effects.
. the porous medium domain Ω with its boundaries.
5.1 First test-case : gas phase appearing/disappearing by gas injection in a water saturated rock core sample
As seen before, it is not an easy task to simulate multiphase flow when there are both, liquid fully saturated, and unsaturated two-phases regions. The aim of this first test-case is to study only the phase appearance/disappearance phenomenon, without mixing with any other phenomenon. This first test is devoted to describing gas phase appearance produced by injecting pure hydrogen in a 2-D homogeneous porous domain Ω (see Figure 1) , which was initially 100% saturated by pure water. The porous domain is a rectangle of size L x × L y with three types of boundaries : Γ in , the inflow boundary ; Γ out , the outflow boundary and Γ imp , the impervious boundary (see Figure  1 ).
Boundary and Initial conditions
There is no source inside the domain :
Denoting φ w ≡ ρ w l q l + j w l and φ h ≡ ρ h l q l + ρ g q g + j h l the total fluxes of water and hydrogen components and ν the outward normal, the Boundary conditions are :
-no flux on Γ imp , φ w · ν = 0 and φ h · ν = 0 ;
-injection of hydrogen on Γ in ,
-pure liquid water with a fixed pressure, p l , on Γ out ,
Initial conditions are uniform on all the domain and correspond to a stationary state, with no hydrogen injection :
Physical data
The porous domain Ω is isotropic and homogeneous, the absolute permeability tensor reduces then to a scalar K = kI. As usual in hydrogeology, the van Genuchten-Mualem model is used for defining the capillary pressure law and the relative permeability functions, i.e. :
and
with parameters P r , n, S lr et S gr depending on the porous media. The α−phase relative mobilities are then given by the relative permeability kr α and the phase viscosity µ α through λ α = kr α /µ α . The temperature is assumed to be constant T = 303 K and the corresponding porous medium parameters and fluid characteristics are shown in Table 1 . Parameters defining geometry, boundary and initial conditions, together with the total simulation time, T simul , are presented in Table 2 . 
Results
Six teams participated to this test-case : CERMICS-UFSC, EDF, FAU, INRIA, ICSC, and IRSN-UCBL. Details concerning spatial and time discretization are given in Table 3 and 4. Figure 2 , 3 and 4 give respectively the liquid pressure, the gas pressure and saturation levels and their time evolutions at the domain left boundary. At first glance there are some differences between the different team's results concerning the "gas pressure" curve once the porous medium is saturated. But this is due to the fact that these curves have different meanings after the gaseous phase has disappeared. Namely, in monophasic regions, where there is no more "observed" gas phase, the "represented" gas phase pressures are, for both INRIA and FAU, the liquid phase pressure, while for the other teams the variable named p g represents a "thermodynamically" extended gas phase pressure (see section 4 ). Though similar phenomena and tendancies are shown by all teams :
-at the begining (t < 15,000 years), all the hydrogen is dissolved in water and transported by diffusion ; the liquid pressure remains almost constant. After the maximum of solubility is reached, a gaseous phase appears and both liquid and gas pressure increase up to t 100, 000 years. -Between 100,000 years and 500,000 years, hydrogen is still injected and consequently the gas saturation keeps growing, while both the gas and liquid pressures are decreasing.
When the gaseous phase total volume has reached its maximum value, the liquid flux (oriented from the left to the right ) slows down ; the liquid pressure tends to the pressure imposed on the right boundary (see [26] ). -After 500,000 years, when injection stops, the saturation decreases, water comes back from right to left to fill in the empty space and the liquid pressure quickly decreases on the left. Then, as the gas pressure keeps decreasing, the liquid pressure grows once more in order to reach its initial value. The gaseous phase disappears after approximatelly 700,000 years, i.e. about 200,000 years years after the injection has ceased. From a qualitative point of view, all the results are consistent but some differences appear in the quantitative values. Specially, some differences are observed in the results given by INRIA and FAU, for the maxima of saturation (and consequently for the liquid pressure minima ), which have respectively lower and higher values than all the other teams. Considering that the other four teams, with different schemes (Discontinuous Galerkin, FE, FV), give the same results, we may assume that the spatial scheme choice is not the cause of this difference. But it is worth noting that INRIA and FAU were the only two teams formulating the solubility conditions as complementary conditions and using a semi-smooth Newton solver ; clearly, further investigations would be needed to better understand. 5.2 Second test-case : evolution from an initial out of equilibrium state to a stabilized stationary one, in a sealed porous core sample
This last numerical test intends to be a simplified representation of what happens when a non saturated porous block is placed within a water saturated porous structure. The challenge is then how the mechanical balance will be restored in such a porous domain, which was initially out of equilibrium, i.e. with a jump in the initial phase pressures. This may happen typically, when the engineered barriers are installed around the waste packages. The initial state is said to be out of equilibrium, because if this initial state was in equilibrium, in the two subdomains Ω 1 and Ω 2 , the local mechanical balance would have made the pressures, of both the liquid and the gas phase, continuous in the entire domain Ω.
For simplicity we consider for the porous medium domain Ω, a homogeneous and sealed core sample of concrete. It is represented by a rectangle Ω of size L x × L y with Γ as boundary. All the porous medium characteristics are the same in the two subdomains Ω 1 and Ω 2 , of respective length L 1 and (L x − L 1 ) as in Figure 5 . The system is then expected to evolve from this initial out of equilibrium state towards a stationary state.
. Porous domain Ω, with its two sub-domains : Ω 1 and Ω 2 .
Boundary and Initial Conditions
No-flux boundary conditions (sealed boundaries) are defined everywhere on Γ, the boundary of Ω :
Initial conditions are uniformly constant on each sub-domain Ω 1 and Ω 2 :
Physical data
The porous medium parameters P r , n, S lr and S gr are defined like in the first testcase ; the temperature is supposed constant, T = 303 K ; and the fluid characteristics are shown in Table 5 .
Parameters defining the geometry, the boundary and initial conditions, together with the total simulation time, T simul , are presented in Table 6 . 
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Results
Eight teams have participated to this exercice : CEA, CEA-ECN, CERMICS -UFSC, EDF, FAU, ICSC, IRSN2, IRSN-UCBL. In this last test-case, the two phases are always present, the porous medium stays everywhere and always liquid unsaturated. It was then possible for the CEA team to use the traditional Pressure-Saturation model (with an additional residual saturation) and for the IRSN2 team to use an immiscible formulation. Taking advantage of the liquid unsaturated situation, the CEA-ECN team in a first step solves the intraphase transfer (convection/diffusion) working with liquid pressure, gas pressure and dissolved hydrogen concentration as primary variables [30] and in a second step solves the interphase transfer, using the solubility relation. The five other teams have used the same formulation as in the previous testcase. The details concerning the teams spatial and time discretization are given in Table 7 and Table 8 Figures 6 to 10 and Figures 11 to 15 give respectively the gas and liquid pressure levels, at t=10 s, t=1000 s, t=50,000 s, t=500,000 s and t=1,000,000 s. Figures 16 to  20 give saturations profiles respectively for t=10 s, t=1000 s , t=50,000 s, t=500,000 s and t=1,000,000 s. All the results obtained by the different teams and presented here are close and show similar trends. As the liquid pressure "shock" in Figure 11 says : -for the short times (t=10 s) the gas phase flows from right to left, due to higher gas pressure in the unsaturated part of the porous domain ; -the liquid phase is then compressed by the gas at the left part of the inferface ; -and on the other domain side, the water has more space and the pressure decreases. This shock propagates progressively until reaching pressure equilibrium, and the global system gradually tends to equilibrium. As for the first test-case, there are some little differences between the teams results. For instance, at the simulation end (t=1,000,000 s, Figure 15 ), the equilibrium state is not reached yet by IRSN2. One possible reason is the use of very small timesteps (16s versus 800s or more, for the other teams). FIGURE 9. Test-case 2 : gas pressure at t = 50,000s. 
Conclusions and perspectives
These two test-cases were part of a benchmark submitted to the scientific community (see [1] , [2] , [3] ). All the exercices were based on a very simple domain geometry and used a standard physical model (isothermal and nonreactive flow) but they aim at highlight some of the very specific difficulties encountered in numerical simulation of gas migration in underground repositories. In all the types of situations where physics is quite complex, there is no point in checking the pure numerical accuracy of a code as it is not confident of the quality of the physical modeling on which this code is based. Before testing the numeric and algorithmic it is necessary to be sure that the simulations are really simulating the real physical process . This is why these two tests aim was to focus on the model efficiency rather than on the numerical methods quality. Only once this first step is completed, it will be possible to make assessment on pure numerical accuracy. (solver strategies , computational cost, time stepping, algorithm). The first test case was investigating the ability of numerical simulators to handle phase appearance and disappearance in two-phase compositional flow with interphase mass transfer. For this exercice, using true miscible model is compulsory and finding the appropriate choice of primary variables is essential. Finally, only six teams participated successfully. Most of the results are qualitatively similar, even if some differences remain (mainly in the amplitude of minima and maxima) and need further investigation to be clearly understood ; although, the strategy used for solving the algebraic system could be suspected. The second test has consisted of simulating the evolution of a compressible two-phase flow, starting from an "out of equilibrium" initial state. The main and only focus of this test-case was to study the relaxation of a non equilibrium initial state and how the mechanical balance was restored. Accordingly, we studied a situation where a true miscible model was not really required ; and as a result, height teams were able to participate. As for the first exercice, all teams outputs show very similar phenomena and tendancies ; all results remain rather close despite some little differences, probably due to time discretization.
The main conclusions are then : -according to the mathematical model they have chosen, not all the teams were able to do the tests ; -mainly only models using a set of persistent variables, were able to pass the first test ; -once eliminated the codes not using suitable mathematical model, and hence unable to compete : it appears that all the results show same tendencies and little differences and that the spatial scheme choice did not make any difference. -the differences in results on both exercices are probably due to differences in the strategy used for solving the algebraic system (including the control of the Newton loop) and differences in the time step management. While remaining in the same spirit, i.e. checking the interphase mass transfer model efficiency and robustness, the undergoing extensions of this benchmark will be done in two directions :
-to complete and extend this benchmark to strong gravity effects, pressure entrance jump (like in Brook Corey), 100% desaturated media ; -to assess the pure numerical accuracy (solver strategies , computational cost, time stepping, algorithm). But, in order to broaden our scope (NAPL remediation -petroleum engineering -CSS), we would also be interested in a next step, to introduce more complex phenomenological aspects such as temperature variation, chemical reaction or geochimical effects.
Test Data Base" presented in [1] which has been submitted to the scientific community in January 2009. Results of the different test-cases from this data-base were presented by several teams during the workshop "Journée Modélisation des écoulements diphasiques liquide-gaz en milieu poreux : cas tests et résultats" ( see: [33] ) at IHP, Paris, on septembre 23th, 2010.
